ABSTRACT A major vulnerability of mobile robots operating in more environments is their fragility in facing disturbances. A two-fold solution is proposed in this paper. First, a deformable structure was designed to reduce turbulence and to adapt to the uneven ground. Second, a novel control strategy is employed to avoid the limitations of the existing methods. In particular, among the existing solutions, the PID controller is known to be severely limited in handling disturbances and failures and the model-based designs all require detailed mathematical model, which may not be readily available, especially in the case of failures. To address these issues, a solution based on active disturbance rejection control is proposed in this paper, for its simplicity in design and tuning and its robustness against parameter variations and even failures in the pose deformation system. The proposed solution is systematically validated in the simulation, and the results are promising. The performance of the system was maintained in the presence of disturbances and uncertain dynamics, and the reliability of the robot is considerably improved when the unknown leg failures occurred.
I. INTRODUCTION
With the fast development of technology, moveable structures and intelligent technology have been applied to mobile robots to adapt complex terrains. Control systems were also enhanced and have been more and more complicated. The design of mobile robots requires multiple iterations due to many considerations of mechanical, electrical, information transfer, control, sensor, and other fields. All these conditions lead to low reliability of deformable mobile robots which restricted its widespread in complex environment full of uncertain disturbances. Researchers try to find better ways to solve the problem in recent years. Some of them made efforts to design flexible redundant structures or reconfigurable modules. Christensen et al. [1] presented a distributed strategy for self-reconfigurable modular robots. Cully et al. [2] and their research team designed an intelligent self-adaption control algorithm for a six-legged robot. Some others were seeking more suitable control theories and made progress to fault-tolerant control methods aimed to improve the reliability of systems.
Through mathematical formula derivations, Song and Guo [3] designed a tracking control strategy used neural network algorithm to resist actuator failures and trajectory uncertainty. Luo et al. [4] analyzed system failures and designed fault-tolerant control based on data-driven method. Song et al. [5] achieved fault-tolerant control by using PID controllers through a large number of calculation. Xiao and Yin [6] proposed a sliding mode observer to help controlling of nonlinear systems with external disturbance and multiple actuator faults. So far, fault-tolerant control has been designed and studied to different objects, such as wind turbines [7] , motors [8] , electric vehicles [9] , and spacecraft [10] . However, all the design process of fault-tolerant control is complex that needs to obtain enough information of the possible failures. Complicated analysis and deducing process are also required. Besides, simulation modeling analysis usually needs to manually derive the transfer function of plant, which is difficult in facing the complex structure of the mobile robots. Simplification cannot be avoided when establishing the transfer function. Objects will be greatly simplified as typical 1 order or 2 order systems sometimes.
Traditional reliability analysis methods, such as reliability prediction and failure mode and effect analysis (FMEA), are based on the monotonous logic of static failures, which cannot effectively solve the problem of reliability analysis of non-monotonic and dynamic control systems. The applications of these methods require much time which is difficult to meet the requirement of frequent design iterations. Reliability analysis of control systems should be achieved through fault injection and simulation response based on the model of control process. Therefore, fast reliability analysis with control systems modeling for advanced products is an important research direction.
Cui et al. [11] proposed a novel design of deformable mobile robot and analyzed the reliability of the pose deformation system. However, PID controller is sensitive to the disturbances and variation of parameters. The good control field of traditional PID controller and the range of changes it can adapt is small without changing the parameters [12] . Because of the complexity of the fault conditions, corresponding control models cannot all be predicted in advance. PID control has deficiencies dealing with failure problems. Active disturbance rejection control (ADRC) utilizes the extended state observer (ESO) to estimate the total disturbance including internal unmodeled dynamics and external disturbance. Capability of handling large uncertainties as well as satisfactory performance can be achieved due to the generalized concept of the disturbance and the strong capability of ESO [13] . ADRC does not rely on the system model and is insensitive to the interference [14] . It also has fast control response, and even can be plug and play. Since ADRC was proposed by Han [12] , Gao and some other scholars have made a lot of efforts to improve ADRC. Fractional ADRC [15] , linear ADRC [16] , linear-nonlinear switching ADRC [17] and some other controllers based on ADRC theory [18] , [19] were proposed. Performance [20] , limits [21] and stability [22] of different kinds of ADRC controllers were also analyzed. Li et al. [23] proposed a model compensation ADRC to resist disturbances in wind energy conversion system. Yang et al. [24] used enhanced ADRC for a MIMO system, which could accelerate the response time. Herbst [25] discussed the bumpless transfer performance and limitations of ADRC. So far, ADRC have been successfully applied in different fields with uncertain plants, including mechanical systems [13] , signal tracking [26] , medical treatment [27] , and biochemistry [28] . In [29] , ADRC was utilized to control an autonomous land vehicle. Simulation results showed the effectiveness of ADRC in controlling nonlinear and uncertainty plants like the vehicle. Erenturk [30] and Zhang and Chen [31] applied ADRC and classic PID strategies to nonlinear two-mass drive system and ball screw drives respectively. The design process of the two control schemes was described and compared. Results indicated that ADRC has good control performance. However, reliability and failures of the systems were not taken into consideration. So far, application of ADRC in reliability analysis field has not been well studied. When failure occurs, ADRC would have better adaptive capability due to its strong ability of handling large uncertainties without changing parameters.
As for high order plants, the complexity and number of parameters would be exponential increased, which make ADRC very difficult to tune and apply. Thus, simplification of ADRC is unavoidable. Linear ADRC was proposed by Li et al. [17] , which brings convenience in parameters tuning but sacrifices the nonlinear performance. Nonlinear ADRC is superior in accommodating the dynamic uncertainties and disturbances. To have better reliability, we try to reduce parameters of the high order ADRC as well as maintain its nonlinear performance. In [32] , a theory of using several low order ESOs in series to obtain the effect of a high order ESO was offered, but it was incomplete and had not been applied.
In this paper, we take the uncertificated failures into consideration in the pose deformation control system of mobile robot. A third-order ADRC controller is established to achieve the fault tolerant control of the system. Control performance and reliability of the PID and ADRC control system are simulated and analyzed. The results show that the third-order ADRC has better performance when pushrod failure occurs, which can further improve the reliability of the system.
The rest structure of the paper is listed as follows. The modeling of the pose deformation system, classification of failure conditions and some other preliminaries are presented in Section II. Characteristics of the PID Solution and ADRC solution are given in Section III and Section IV. Experimental results are shown in Section V. We make the discussion and conclusion in Section VI.
II. PRELIMINARIES A. MODELING OF THE POSE DEFORMATION SYSTEM
Mobile robots require good mobility and obstacle crossing ability to adapt different terrains. A design equipped four deformable legs to the movement system of the mobile robot is adopted in this paper. When meets obstacles, the structure could help the robot lower the possibility of overturn and enhance the stability. When a slant is detected, the legs would make deformation and try to reduce the tilt angle. For the convenience of explanation, this paper only focuses on twodimensional tilt angle of the robot. According to the action requirements of the mobile robot and performance of the legs, the expected maximum angle which deformation system can deal with is 0.7 rad.
Main parts and Control process of the robot pose deformation system is shown in Fig. 1 .
The structure and corresponding bond graph of a leg is shown in Fig. 2 .
Bond graph models have been proved that they can transferred into block diagram and simulated in Simulink software [33] . Corresponding block diagram of the leg can be obtained based on the causal relationships of potential variables and flow variables of the bond graph according to [33] .
The model of mechanical structure and control strategy can be established and simulated after parameters and limitations were settled. Parameters used in the model are displayed in TABLE. I. The response speed of the actuator is restricted due to the movement velocity of the pushrod. Therefore, MinMax modules were added to limit the rotational angular speed of the pole. Smaller limit value leads to slower reaction velocity which may lower the capacity of resisting disturbance of the system. Based on the structure of the legs and performance of the motors, we set the value as 0.05rad/s. Then, obstacle crossing ability and reliability of the system can be simulated and analyzed.
B. CLASSIFICATION OF FAILURE CONDITIONS
Stuck of the legs is the most likely happened failure during the operation of the mobile robot. Movement system of the robot cannot work normally with the stuck leg, which will lead to reduced capacity of resisting disturbance, or even completely unable to pass the obstacles. Based on the analysis of the motion system and actual situation, it is concluded that there are three kinds of jamming failure states in the motion system, which occur at different times, denoted by state A, B and C respectively.
Failure state A indicates that the stuck failure of the leg occurs at the same time as the disturbance signal is given. At this time, the leg should be at the position of 0 rad and will not be able to follow the instructions given by the controller.
Failure state B indicates that the stuck failure occurs during the control process when the leg moves to the maximum angle. The other legs continue to work normally to complete the control process, but the failed leg stops at the maximum angle.
Failure state C indicates that the stuck failure occurs after once adjustment and in facing another disturbance. The leg will remain in a non-zero position. Then a step disturbance is applied again to the system in order to simulate the situation of crossing obstacle after the stuck failure. As the disturbance is random from 0 to 0.7 rad, the stuck angle of the leg is random from 0 to the max angle during the adjustment. In the simulation, we will sample every 0.1 rad of the disturbances to test the system performance. These three states also include different positions of leg stuck failure, such as the front leg stuck, back leg stuck and both sides legs failed at the same time. Failure state C also covers two cases, which are dealing with small step interference first and dealing with large step interference first.
The failure conditions during the deformation process is shown in Fig.3 .
C. RELIABILITY DEFINITION OF THE MOTION CONTROL SYSTEM
In order to evaluate the obstacle crossing ability of the robot deformation system when leg stuck failure occurs, R c is defined as the reliability of the motion control system for deformable robots.
Definition: Reliability of motion control system is the ability that the motion control system can normally control the movement state under the specified conditions and within the specified time.
The calculation equation of R c is defined and shown as follows:
In which, U stands for the range of stuck angles that under control; M stands for the range of stuck angles that might happen.
In this definition, response time of the control system is not taken into consideration, only the angle range as the only criterion.
III. CHARACTERISTICS OF THE PID SOLUTION
A. CONTROL STRATEGY DESIGN Fig. 4 shows the control strategy of the pose deformation system. A series control strategy which distributes the disturbance to both sides of the robot is presented. Control target is 0 degree. Interference is divided and input to the system at two places. Two PID controllers are used to control front and back legs separately. The analysis in this section only considered the situation of the robot meets convex obstacles. The system works similarly in face of the concave barriers, no more analysis in this paper. PID parameters are set as P = 400, I = 60, and D = 500 by trial and error procedure according to experiences. System distributes the disturbance to front and back legs separately in the series control strategy. If the former part cannot achieve stability, the back part cannot either due to the series control strategy. Therefore, the decomposition of disturbance to the former part cannot exceed half of the total amount of the interference when considered the same structures of the legs. The system will have best ability of resisting interference when 40% of the total inference was distributed to the former part of the system and 60% to the back part according to our experiments. Fig. 5 shows the responses to step disturbances of the system by using PID controllers. Simulation results show that the system can handle a step disturbance of 0.7 rad and performs well when the interference is less than 0.6 rad. The system can achieve the goal of handling a step disturbance of 0.7 rad, but the response time is too long. 
B. FAULT-TOLERANT PERFORMANCE OF PID CONTROLLER

1) FAILURE STATE A
In failure state A, the system can handle a disturbance of 0.6 rad when a front leg failed, but can handle only 0.3 rad when a back leg stuck occurred according to Fig. 6 . This is because the back legs afforded 60% of the total disturbance when the robot crosses convex obstacles, which means back legs are more important in this situation. When back leg failure occurs, the stability of the system declined dramatically.
2) FAILURE STATE B
Failure state B is more complex than state A, in which leg stuck at its maximum angle during the control process. Simulation results shown in Fig. 7 indicate that failure state B will not have much impact on the response of the system when using the PID controller. The system can still complete the control process as if it did not happen.
The system response curve of the front and back legs failed at the same time is basically the same as the response of only the back leg failure occurred according to the simulation results. Thus, we do not analysis the condition of front and back legs failed at the same time any more in later simulation experiments.
3) FAILURE STATE C
State C indicates that the stuck failure occurs after completed once control task, and the leg will remain on the position at the end of last control. Then a step disturbance is applied again to the system. Responses are shown in Fig. 8 and Fig. 9 .
It is obvious in these two sets of figures that the system can easily handle smaller angles with the failed leg when last control process has larger step disturbance. However, when the situation is opposite, it is difficult for the system with failed leg to deal with larger angles than last control process. The response curve is oscillation, or even divergence.
IV. CHARACTERISTICS OF THE ADRC SOLUTION A. CONTROLLER DESIGN
The control object is a third-order system that requires high-order ADRC controllers and state observers. However, the high-order ADRC controller algorithm introduced more parameters, which needs much more time on parameters setting. The function of ESO in ADRC algorithm is to estimate the derivatives of the output of the system. For m order system, m+1 order ESO is required to obtain m order derivative, which will have m+1 parameters to adjust. According to [32] , the function of high order ESO can be achieved by low order ESO series in the construction of the ADRC controller. Low order ESO series will have less parameters, which is much easier to adjust compared with a high order ESO. A m+1 order ESO in a m order ADRC controller can be replaced by a series of m second-order ESO with the same parameters. That is, we can replace the fourth-order ESO by combining three second-order ESO in series to complete the corresponding function. Based on this method, together with the nonlinear characteristic of ADRC, we can get the following third-order ADRC algorithm.
TD (Tracking-Differentiator): ESO 1:
ESO 2:
ESO 3:
NF (Nonlinear Feedback): In equation (2),
In equation (3) (4) and (5),
fal(e, α, δ) =
Then a third-order ADRC controller can be designed, and its structure is shown in Fig. 10 . Parameters of the third-order ADRC controller used in the functions above were settled as followed by engineering experience method: h = 0.01, r 0 = 1, β 01 = 100, β 02 = 500, r = 30, c = 7.2, h 1 = 0.01.
B. PERFORMANCE OF THIRD-ORDER ADRC CONTROLLER
From the simulation results in Fig. 11 , third-order ADRC has good control performance with fast convergence and few oscillations. The oscillation of the initialization phase is unobvious. It is worth noting that the output curve of the system will show a positive rebound after reaching the position of 0 rad. The size of the bounce has a special relationship with the parameters of the controller. The parameters here are given according to the step interference of 0.6 rad. The amplitudes of output curves and response time are increasing when input step interference is from 0.1 rad to 0.5 rad with this set of parameters. However, when the step input signal is around 0.6 rad, the system will have better control performance. That is, the amplitude of output curve at 0.6 rad is less than that of 0.5 rad, but when the input step signal is 0.7 rad, the output curve is worse than that of 0.6 rad. Moreover, the system has static errors under control of the third-order ADRC. The value of the static error is very small (about 0.5%) compared to the input interfering signal, which is negligible. Furthermore, after test and analysis, the static error will reduce to 0.12% when the state error feedback rate h 1 reduced to 0.005 from 0.01.
1) FAILURE STATE A
The performance of the third-order ADRC controller in failure state A was satisfactory as shown in Fig. 12 . The model controlled by the third-order ADRC can handle the step input signal of 0.6 rad when a front or back leg failure occurred. Response time is less than 15 seconds when a front leg is stuck. While the response time of the system when a back leg failed appears to be longer, which takes 30 seconds to digest a 0.6 rad step interference. The third-order ADRC has better control performance and robustness when failure state A occurs compared to the traditional PID controller. 2) FAILURE STATE B Fig. 13 shows the system responses to a step input of 0.5 rad of the three different cases in failure state B. It can be seen clearly that the control quality of the third-order ADRC is quite good and there is an advantage to the PID controller in response time.
3) FAILURE STATE C Fig. 14 and Fig. 15 show the responses of third-order ADRC in failure state C. It is obvious that the control performance and robustness of the third-order ADRC is significantly stronger than the PID controller in failure state C. The system with a stuck failure occurred at small step input can still handle a large step input. Response time also takes advantage. The degradation of the control quality during the stuck failure is acceptable.
C. EXPERIMENTAL VALIDATION
To show the effectiveness of the proposed third-order ADRC control solution in real time with leg failures, an experimental VOLUME 6, 2018 validation with the same structure introduced in Section II is setup in the laboratory as shown in Fig. 16 . An Arduino Leonardo circuit board with Atmega32u4 microcontroller is utilized as controller and processor. Eight ZX3615 motors are driven by a bus controller powered by batteries (output voltage is 7.4V). Tilt angle is detected by a JY-61 attitude sensor.
Experimental results of the proposed third-order ADRC control solution in failure state A, B and C are shown in Fig. 17 . According to the results, the robot could handle the disturbance with a leg stuck at different angles, which validate the effectiveness of the proposed control strategy. Response time of experimental performances are longer than simulation results due to the limitations of devices. The situation of a front leg failed is better than a back leg failed. This is because the control strategy sends larger disturbance to the back legs in facing convex obstacles. 
V. DISCUSSION AND CONCLUSION
In failure states A and B, input step signal of the system is taken from 0.05 rad to 0.70 rad every 0.05 rad. In failure state C, the first step input signal and the second step input signal both are taken from 0.10 rad to 0.70 rad every 0.10 rad. Reliability of the ADRC and PID controllers in different failure states are simulated and calculated by equation (1) . The results are shown in Fig. 18 . The occurrence of leg failures will affect the reliability of the PID control system more or less. PID control has to rely on the fault analysis in advance and design corresponding control strategies to ensure the reliability. However, it is impossible to fully predict the faults and disturbances due to the complexity of the system and failure conditions. PID control system will have disadvantages dealing with uncertain failures or interferences. The third-order ADRC control system in this paper has higher reliability than the PID control system. Without changing the parameters or control strategies, ADRC can remain fully control of the system within the expected angle range in the several fault conditions. ADRC has the potential to adapt unknown uncertainties. In this paper, we take the condition of leg failure occurs into account in the analysis of pose deformation control system of mobile robot. A third-order ADRC controller is constructed and applied to the control system. Control performance and reliability of the PID and ADRC control system are simulated and analyzed. Based on the experimental results of three kinds of fault states, the pose deformation system of mobile robot under control of the third-order ADRC algorithm can reach the level of 1.0 reliability in the condition of some legs were stuck. While the system with classic PID controller cannot achieve this level of reliability without changing parameters when leg failures occurred. Application of the third-order ADRC can better achieve the control target and further improve the reliability of the robot system.
The main contributions of this paper are concluded that:
(1) A deformable structure of mobile robot was designed, modeled and analyzed to reduce turbulence in facing the uneven ground.
(2) A high-order nonlinear ADRC controller with less parameters than ordinary nonlinear ADRC controller is constructed and applied.
(3) A control scheme based on ADRC for pose deformation system of mobile robot is proposed to avoid the limitations of the existing methods and improve the reliability of the system when some failures occurred without changing parameters.
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